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SUMMARY. Amaranth (Amaranthus sp.) is an important leafy vegetable in Africa where most farmers grow unimproved landraces. Information about amaranth genetic diversity and its adaptation to different environments will help breeders develop improved commercial varieties that meet market requirements. The objectives of this study were to investigate the performances of amaranth entries for vegetable yield across locations and seasons, assess the relative contributions of genetic vs. environmental sources of variation to yield, and cluster locations into mega-environments (MEs) to suggest future test sites. Twenty-six diverse entries were evaluated for vegetable yields in replicated trials at five locations in wet-cool and hot-dry seasons in Tanzania. Season explained the highest proportion (52.1%) of the total sum of squares followed by entries (24.9%) and locations (23.0%). Mean yield across the hot-dry season trials (27.7 tÁha L1 ) was 47.3% greater than the mean yield across wet-cool season trials (18.8 tÁha
L1
). Differences among entries in vegetable yield were higher in the hot-dry season than in the wet-cool season, indicating that gain from selection is likely to be greater in the hot-dry season. Most entries performed well in either wet-cool or hot-dry season but a few entries were adapted to both seasons. Two MEs were identified, one characterized by lower altitudes, higher temperatures, and less fertile soils, and a second ME associated with higher altitudes, lower temperatures, and more fertile soils. Each ME may serve as an initial selection site for their respective target environment. Targeting a specific season may give a better chance of finding high-yielding varieties. ''Aluma'' and ''Heberxefa'' in Ethiopia, and ''Ddodo'' in Uganda and Rwanda, is a popular traditional African leafy vegetable with a long cultural tradition in East Africa and other regions on the continent. The leaves are rich in essential vitamins (provitamins A, C) and minerals such as iron, zinc, and calcium (Kamga et al., 2013; Mburu et al., 2012; Schonfeldt and Pretorius, 2011; Yang et al., 2013) that are deficient in the local diets.
The amaranth family (Amaranthaceae) includes %60 species (Caselato-Sousa and Amaya-Farf'an, 2012) . The names of at least nine species cultivated or harvested in the wild in Africa are as follows: purple/ red amaranth or bush greens (Amaranthus cruentus), spleen amaranth (Amaranthus dubius), Chinese spinach (Amaranthus tricolor), slender or livid amaranth (Amaranthus blitum), and Thunberg's pigweed (Amaranthus thunbergii) (Grubben, 2004a (Grubben, , 2004b (Grubben, , 2004c (Grubben, , 2004d ); prince's feather (Amaranthus hypochondriacus), spiny amaranth or thorny pigweed (Amaranthus spinosus), and green amaranth or pigweed (Amaranthus viridis) (Jansen, 2004a (Jansen, , 2004b (Jansen, , 2004c ; and Mediterranean amaranth (Amaranthus graecizans) (Maundu and Grubben, 2004) . The common names, widely recognized ones, were taken from Ebert et al. (2011) . Species distribution in Africa is not clear because of confusion over small morphological differences among the various related species (Jansen, 2004a) . Amaranth species have a C 4 photosynthetic pathway and perform well at high temperatures compared with C 3 plants (Stallknecht and Schulz-Schaeffer, 1993) . Most species are annuals and grow to heights of 125 to 200 cm, and produce spike, spike-like, or paniculate inflorescences with unisexual flowers. Interspecific and intraspecific variation exists for various traits, such as early growth vigor or early biomass accumulation, earliness to flowering, leaf shape and size, plant height, stem thickness, branching habit, and panicle shape, size, and color that may help them adapt to diverse environmental conditions (Grubben, 2004a (Grubben, , 2004b Jansen, 2004a Jansen, , 2004b Jansen, , 2004c .
A. cruentus, A. dubius, and A. hypochondriacus are the most widely grown species in Tanzania and other countries in Africa (Grubben, 2004a (Grubben, , 2004b Jansen, 2004a) . A. cruentus and A. dubius grow from sea level to 2000-m elevation (Grubben, 2004a (Grubben, , 2004b , A. hypochondriacus grows from sea level to at least 1000-m elevation (Jansen, 2004a) , and A. tricolor grows up to 500-m elevation (Grubben, 2004c) . In Africa, A. cruentus and A. hypochondriacus are mainly grown as fresh vegetables, although the grain is consumed to a lesser extent. A. hypochondriacus grows quickly and is amenable to a single harvest or uproot harvesting, and is well-adapted to short crop seasons and resource-limited environments. A. dubius, cultivated and grown in the wild, is recognized for its dark green leaves, branching habit, slow early growth, and a tendency for late flowering that prolongs vegetative growth and allows multiple leaf harvests (Grubben, 2004b) .
Demand for amaranth and other traditional African vegetables by city populations is rapidly increasing (Chelang'a et al., 2013) (Table 2) . Soil particle sizes of each location, on samples collected immediately before transplanting, were determined using pipette or hydrometer method. Total nitrogen was determined using the semimicro Kjeldahl method, and organic carbon was determined by Walkley-Black method. Ammonium acetate method was used to determine cation exchangeable capacity and K-base extraction. Weather conditions available for four trial locations are given in Fig. 1 for the wet-cool season and in Fig. 2 , was manually applied as a basal application 1 week after transplanting in all trials. Urea (46N-0P-0K) at the rate of 120 kgÁha -1 was applied as side-dressing 3 weeks after transplanting. Decomposed cow dung was applied at the rate of 2.75 kgÁm -2 in the Chambezi trials according to the practice of the location because the soil is low in total soil nitrogen, organic carbon, and clay contents ( Table 2 ). The Mbuguni trials were conducted on-farm, and chemical fertilizers were applied in the 
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• August 2019 29 (4) wet-cool trial but were withheld during the hot-dry season trial because the farm owner decided to switch to organic farming methods and only crop residues were incorporated before transplanting; this difference between the seasons was considered as an environmental difference.
DATA COLLECTION. Marketable vegetable yield was harvested from the 18 central plants per row in each plot and plants were subjected to multiple harvests. The harvest was conducted by topping approximately one-third of the plant main stem and branches from the apex measured on the main stem during the first harvest, and from the stem nodes on which branches appeared in subsequent harvests. The first harvest of the wet-cool season and hot-dry season trials was conducted about 25 and 20 d after transplanting, respectively; subsequent harvests occurred at %12-d intervals thereafter. A total of five harvests were performed in each trial. Additional data collected at all locations in both seasons based on three randomly selected plants per plot included plant height (centimeters) measured from the ground level to the growing tip; number of branches per plant; leaf length (centimeters) and width (centimeters) measured from three fully developed leaves per each of three randomly taken plants at each marketable vegetable yield harvest. Days to flowering of each entry was determined at WorldVeg-ESA in seed increase plots from which vegetative harvest was not conducted; it was not possible to regularly visit and collect flowering data at the other locations because of the large distances from the breeding station of WorldVeg-ESA.
STATISTICAL ANALYSIS. All statistical analyses were run in GenStat (release 19.1; VSN International, Hemel Hempstead, UK). Data were tested for homogeneity of variance and normal distribution to meet the assumptions of analysis of variance (ANOVA). No major deviations from (Zobel et al., 1988) uses the traditional ANOVA to first fit the additive main effects of genotype and environment, and then describes the nonadditive multiplicative part (GEI) by interaction principal component axes (IPCAs). Two IPCAs that significantly explained the partitioned GEI sum of squares (SS) were considered in the AMMI analysis.
The AMMI model used to analyze GEI is as follows: Y ijr = m + g i + e j + Ʃl x a ix s jx + R ij + K r(j) + ƹ ijr , where Y ijr is the value of i th entry in j th location for replicate r, m is grand mean, g i is mean of the i th entry, e j is mean of the j th location, l x is singular value for principal component (PC) axis x, a ix is PC scores for axis x of the i th entry, s jx is PC scores for axis x of the j th location, R ij is residual that remains after fitting some of PC axes (R ij value becomes zero when full model is fitted), K r(j) is block effect for replication r for an RCB design within location j, and ƹ ijr is error term.
The GGE biplot analysis (Yan and Kang, 2002) , following environment-centered model in GeneStat (Release 19.1), was used to identify MEs and winner entries at different locations.
Pearson's correlation coefficients between environmental covariates (soil characteristics, altitude, and geographic coordinates) and AMMI-generated location IPCA scores were obtained. This was to identify which environmental factor(s) had more contribution to the GEI and influence on the vegetable yield. Pearson's correlation coefficient analysis was also conducted between vegetable yield and plant traits (plant height, number of branches, leaf length, and leaf width).
Results

INDIVIDUAL AND COMB INE D ANOVAS.
Individual ANOVA indicated highly significant differences among entries in two of the five wetcool season trials, and in four of the five hot-dry season trials (Table 3) . Trial mean yields across entries ranged from 11.5 tÁha -1 (Moshi) to 24.7 tÁha -1 (Horti-Tengeru) in the wet-cool season trials, and from 16.4 tÁha -1 (Mbuguni) to 32.0 tÁha -1 (Moshi and Chambezi) in the hot-dry season trials. In all locations except Mbuguni the mean yield across entries was greater in the hot-dry season than in the wet-cool season; the percent increase ranged from 22.7% at Horti-Tengeru to 178.3% at Moshi. DB2003889-ES13-1 and UG-AM-9-ES13-3 gave the highest mean vegetable yield across locations in the wet-cool and hot-dry season trials, respectively (Table 3) . Combined ANOVA involving entry, location, and season indicated highly significant differences (P < 0.001) among entries, locations, and between season main effects. Moreover, entry · location, entry · season, location · season, and entry · location · season interaction effects were highly significant [P £ 0.002 (data not shown)]. Season explained the highest proportion (52.1%) of the total sum of squares of the main effects (entry + location + season effects), whereas entry and location accounted for 24.9% and 23.0%, respectively.
AMMI ANALYSIS. AMMI analysis conducted by season partitioned the entry-by-location interaction sums of squares into two significant or highly significant IPCAs in each x LSD 5% = least significant difference at the level of P < 5%, NS = differences among entries in the same column nonsignificant.
• August 2019 29 (4) season (Table 4) . In both the wetcool and hot-dry seasons, the highest sum of squares of treatment was explained by location followed by the entry · location interaction. In the wet-cool season, the two IPCAs together explained 67.3% of the sum of squares of entry · location interaction, with IPCA1 and IPCA2 accounting for 39.7% and 27.6%, respectively. The remaining nonsignificant IPCAs were assigned to the residual term. The two significant IPCAs in the hot-dry season explained 81.5% of the sum of squares of entry · location interaction effect with IPCA1 and IPCA2 explaining 62.5% and 19.0%, respectively. The AMMI analysis identified the first four best-yielding entries per location in each season (Table 5 ). Many of the top four entries identified at a location in each season were among the top entries in one or more other locations in the same season. However, most of the best entries identified in one season were not always the best in the other season. DB2003889-ES13-1 and UG-AM-27, for example, were among the best four selected entries in four and three of the five wet-cool season trials, respectively, but DB2003889-ES13-1 appeared only once and UG-AM-27 was absent among the best four entries in the hot-dry season trials. Likewise, UG-AM-9-ES13-3 was selected in four of the five hot-dry season trials but was selected in only one wet-cool season trial. In the hot-dry season, all locations except Moshi did not share any of their best four entries with Chambezi location (Table 5 ); Chambezi followed by Moshi had the highest minimum and maximum temperatures in both seasons. Figure 3 shows a GGE biplot constructed using the hot-dry season trials data that were obtained from three replications. The GGE biplot analysis grouped the five locations into two MEs. The first ME (ME 1) encompassed the Chambezi location that is located in the lowaltitude coastal region, and the Moshi location. Moshi stands second after Chambezi for its high temperatures, low relative humidity, and low altitude when compared with the other locations (Figs. 1-2 , Table 2 ). The three higher-altitude locations, WorldVeg-ESA, Horti-Tengeru, and Mbuguni, formed a second ME (ME 2). Although multiple years of testing is important to decide whether target environments can be divided into different MEs, the differences between the locations grouped in ME1 and those in ME2 in altitude, temperatures, humidity, and longitude support the current classification of the locations. An ME is a group of environments with similar physical and climate features such that a variety adapted to one of the environments is likely to be adapted to the others (Yan and Rajcan, 2002) . The CIMMYT wheat (Triticum sp.) breeding program, for example, clusters global wheat production environments based on soil characteristics, moisture, altitude, geographical coordinates, weather conditions, and biotic and abiotic stresses (Rajaram et al., 1994) .
The ''which-won-where'' view of the GGE biplot (Yan et al., 2007) consists of an irregular polygon and a set of lines drawn from the biplot origin intersecting each of the polygon sides at right angles. Genotypes farthest away from the origin of the The proportions of the sum of squares (SS) of entry, location and G · L interaction were calculated from treatment SS; the proportion of the SS of IPCAs and residuals were calculated from G · L interaction SS.
GGE biplot are located on the vertices of the polygon in various directions, such that all the remaining genotype are contained within the polygon (Yan et al., 2007) . According to Yan and Tinker (2006) , entries far from the GGE biplot origin, including those on the vertices of the polygon, make large contributions to GEI, whereas entries near the origin of the biplot are more stable across environments and contribute less to GEI. Locations far from the origin have high potential to identify entries adapted to different environments. In Fig. 3 , Chambezi and Moshi locations were positioned relatively far from the GGE biplot origin as compared with the other three locations, indicating their high discriminative potential in identifying entries. Entries such as 15 (UG-AM-9-ES13-3) and 25 ('Madiira 1') on the vertices of the polygon performed either the best or the poorest in one or more locations. Entry 25 was the poorest in almost all locations, whereas entry 15 was among the best performers at all locations except Chambezi. The perpendicular lines (also called equality lines) divide the GGE biplot into sectors of environments such that the best genotype for each sector environment is identified (Yan and Tinker, 2006) . The GGE biplot in Fig. 3 (Table 5) . CORRELATION ANALYSIS. Significant correlation coefficients were found in the wet-cool season between location IPCA1 score and the amount of very fine sand in the soil (r = 0.87*), between IPCA2 and total soil nitrogen (r = -0.98**), and between IPCA2 and longitude (r = 0.92*); * = significant at 0.01 < P < 0.05, and ** = significant at P < 0.01. Table 2 shows a list of location covariates or factors. In the hot-dry season, location IPCA1 score was positively correlated with longitude (r = 0.88*), and IPCA2 with soil pH. The correlation results suggest that the GEI effect and differences in productivity among the locations in both seasons were mainly caused by their differences in longitude, and total soil nitrogen content. Moreover, the amount of very fine sand content in the soil and soil pH also played a role in the wet-cool season and hot-dry season, respectively. We observed many correlation coefficients between IPCAs and environmental covariates with relatively high absolute r-values, for example, r = -0.818 between altitude and location IPCA2 score, which may be considered ''strong'' but was not significant. The reason for this was the small sample size (i.e., number of • August 2019 29 (4) locations) and therefore the test was not powerful enough or sufficient to attain a significant test level, and we consider this as a limitation of the study. Adding more locations may be warranted in future studies to better define the association between productivity and environmental factors. Correlation analysis between vegetable yields and horticultural traits identified significant and positive correlations between leaf width and vegetable yield at Moshi (r = 0.42*) and WorldVeg-ESA (r = 0.54**) in the wet-cool season, and at all the hot-dry season locations: WorldVeg-ESA (r = 0.47*), Mbuguni (r = 0.49*), Chambezi (r = 0.50**), Horti-Tengeru (r = 0.69**), and Moshi (r = 0.87**). A. dubius entries (EX-ZAN, UG-AM-9-ES13-3, and UG-AM-27-ES13-1), and A. tricolor (DB2003889-ES13-1 and ARKASUGUNA) were among entries with relatively wider leaves, %25% wider than the wet-cool season trials mean, and %21% wider than the hot-dry season trials mean (data not shown). Root length (centimeters), measured in the hot-dry season, was positively correlated with vegetable yield at three of the five locations: Horti-Tengeru (r = 0.44*), Moshi (r = 0.54**), and Chambezi (r = 0.68**). The mean tap root lengths (centimeters) of the first five highranked vs. five low-ranked entries in vegetable yields at WorldVeg-ESA, Horti-Tengeru, Mbuguni, Moshi, and Chambezi were 33 vs. 31, 36 vs. 32, 39 vs. 35, 31 vs. 26, and 32 vs. 25, respectively ; the differences between high-and low-yielding entries in root length were relatively higher at the two high-temperature locations, Moshi and Chambezi. Significant positive correlations between yield and number of branches per plant were found at three locations in the wet-cool season: WorldVeg-ESA (r = 0.51**), Horti-Tengeru (r = 0.43*), and Moshi (r = 0.50**), and at Moshi in the hot-dry season (r = 0.64**). Yield was not significantly correlated with plant height except at Chambezi (r = 0.43*) and Mbuguni (r = 0.59**) in the hot-dry season.
Discussion
Information about amaranth germplasm adaptation to different environments, the relative contribution of genotype, importance of environment, and genotype by environment interaction will help improve breeding efficiency and lead to improved variety development. In this study, 26 diverse amaranth entries of different species were grown in replicated trials to assess their performance in vegetable yield when grown across five diverse Tanzanian locations differing in altitude, geographic coordinate, soil properties, and weather conditions, and in two distinct seasons, wet-cool and hot-dry seasons, and to characterize selection sites for different target amaranth production environments.
The importance of season on amaranth vegetable yield was evident, as its effects accounted for slightly more than 50% of the sum of squares of the main effects. In this study, mean yield (27.7 tÁha -1 ) across the hot-dry season trials was 47.3% greater than the mean yield (18.8 tÁha -1 ) over the wet-cool season trials. A prediction study related to climate change indicated that the production of A. cruentus, A. hypochondriacus, and their wild relatives (A. hybridus and A. powellii) is expected to increase in higher-temperature regions, and that temperature is the main climatic variable affecting amaranth adaptation (Escobedo-Lopez et al., 2014) . Amaranth is a C 4 plant capable of high photosynthesis rates at high solar radiation, temperatures as high as 40°C, and it grows well at a temperature range of 25 to 33°C with slower growth below 18°C (Das, 2016; Grubben, 2004a Grubben, , 2004b Grubben, , 2004c . The average daily temperatures (°C) of wet-cool vs. hot-dry season in this study were 28.0 vs. 30.5, 24.0 vs. 26.5, 20.5 vs. 23.0, and 21.5 vs. 22 .5 at Chambezi, Moshi, WorldVeg-ESA, and HortiTengeru, respectively. The low mean yields at Chambezi and Moshi during the wet-cool season were at least Table  1 for corresponding entry names of the 1-26 entry codes.
partially attributed to the high rainfall received at these locations [585 mm at Chambezi and 642 mm at Moshi (Fig. 1) ] that may have caused excessive soil nutrient leaching or reduced root growth. Amaranth grows in a wide range of soil types but is better adapted to well-drained soils rich in organic matter (Das, 2016) .
In Tanzania and most other subSaharan Africa countries, amaranth is grown throughout the year if irrigation water is available or rain is reliable. Vegetable amaranth requires moisture throughout the season as opposed to grain amaranth that may perform well with limited moisture once seedlings are established (Das, 2016) . Moisture deficit was not a problem in the present study, as irrigation was available. As many farmers in Tanzania and other countries in Africa, however, lack irrigation facilities, water shortages would pose a risk for dry season production. It is important for amaranth breeders to assess the likelihood of developing varieties broadly adapted to environments differing in a range of moisture regimens.
AMMI analysis selected four top-yielding entries at each location and season, and in only a few cases did entries overlap for both the wet-cool and hot-dry seasons at a location. Only at Chambezi three of the four best entries were common to both seasons. At WorldVeg-ESA, Mbuguni, and Moshi only one of the best four entries was common to the two seasons. These results point to variable entry responses to season and suggest that a best amaranth variety in one season may not necessarily be the best in another season. Some AMMI-selected entries such as DB2003889-ES13-1 in the wet-cool season and UG-AM-9-ES13-3 in the hot-dry season that were common to multiple locations in a given season indicate adaptation across locations within season. However, some entries performed well in both seasons, although not always at the same location. Amaranth breeding programs, therefore, may consider developing varieties targeted to a particular season, or identify a pool of varieties well-adapted to one season such as hot-dry season and test them for reasonable performance in the other season. Commercial seed production and marketing costs would be lower for widely adapted varieties that could be sold regionally compared with the production and marketing costs of a larger number of narrowly adapted varieties sold in specific areas or seasons.
Environments with similar or the same agroecological conditions tend to cluster into the same ME (Simane et al., 1999; Yan and Rajcan, 2002) . Chambezi and Moshi locations clustered in ME1 are generally characterized by low altitudes and higher mean temperatures. Chambezi is characterized by sandy soil with less soil nitrogen, organic carbon and clay contents, and generally less fertile soils. ME2 locations shared the same agroecological conditions (Environment Division, 2007) and are characterized by relatively higher altitudes with lower mean temperatures and have more fertile soils. Each ME may serve as the initial selection site for their respective target environment in Tanzania and other countries that share similar environmental conditions. For the World Vegetable Center Eastern and Southern Africa, Arusha, Tanzania, the present research station is a suitable selection site to identify amaranth varieties adapted to high-altitude areas, and establishment of a second selection site at Chambezi or other coastal location would be useful to identify varieties suitable for low-altitude areas with relatively high temperatures.
Seven amaranth species were included in the current study but the entry number per species was too few to adequately represent within-species genetic diversity for comparison. It is, however, interesting to speculate about possible physiological differences among species. A. dubius is a polyploid with the somatic chromosome number of 64, whereas A. hypochondriacus has 32 chromosomes, and A. cruentus and A. tricolor each has 34 chromosomes (Bonasora et al., 2013) . A. dubius is amenable to multiple harvests and is widely grown in Zanzibar and other coastal areas of Tanzania (F.F. Dinssa, personal observation). It grows from sea level to 2000-m elevation (Grubben, 2004b) , and varieties of this amaranth are becoming very popular among farmers in Kilimanjaro and Arusha regions, %1300-m elevation (F.F. Dinssa, personal observation). Farmer-preferred local varieties of A. dubius have ovate or rhomboid-ovate leaf blades, dark green leaf color, and high rejuvenation ability from repeat harvests in a single planting season, but their small plant architecture results in low yields compared with improved varieties. Tanzanian farmers prefer high-yielding A. dubius varieties combining desired leaf traits such as green to deep green colors that are characteristics of their local varieties. A. dubius line UG-AM-9-ES13-3, one of the top four entries in four locations in the hot-dry season trials, has potential for direct release as commercial variety and/or use in breeding programs. Pink-red leaf color type A. tricolor is commonly grown in Uganda, whereas the green leaf type is acceptable in other countries in sub-Saharan Africa. A. tricolor line DB2003889-ES13-1 (green leaf type) has high potential for adaptation across locations in the wet-cool season, and could be used in breeding for relatively wet and cool environments. The accession from which the line DB2003889-ES13-1 developed was originated from the United States, whereas the line UG-AM-9-ES13-3 was derived from a Ugandan accession.
Plant traits associated with yield can be useful for selection in breeding, especially if enhancement of such traits also improves market preferred quality traits such as leaf size and leaf color type and intensity of a color type such as deep green or light green. Based on farmer participatory selection trials at WorldVeg-ESA (F.F. Dinssa, unpublished data) and observation of products in the market, broad and dark green leaf varieties are preferred by farmers and consumers in Tanzania. Dinssa et al. (2018) reported a positive correlation between leaf yield and each of leaf width and leaf length, whereas in the current study, yield was correlated with leaf width but not with leaf length. The study by Dinssa et al. (2018) measured yield of leaves and petioles, whereas in the current study young stems and branches were harvested by topping the upper onethird of the plant height. The positive correlations between vegetable yield and branch number per plant in the wet-cool season trials agree with results reported by Dinssa et al. (2018) . Tejaswini et al. (2017) reported positive correlation between vegetable yield and each of leaf width, leaf length, and plant height, and negative correlation between vegetable yield and number of branches.
Broader leaves are expected to improve light interception, resulting in increased photosynthate production. There is a strong correlation between radiation absorbed and dry matter production in crop plants (Lawlor, 1995) . Leaf defoliation decreases photosynthetically active surface areas of crops leading to lower solar radiation interception and assimilate production (Ahmadi and Joudi, 2007; Lauer et al., 2004) . Leaf width could serve as an important selection trait in early breeding nurseries, as its measurement is easy and straightforward, and significant positive correlations were detected between yield and leaf width at two wet-cool season trials and in all hotdry season trials, which agrees with the previous study by Dinssa et al. (2018) . It was reported that indirect selection for leaf size could be used to increase foliage yield in vegetable amaranth (Shukla et al., 2005) . Expected genetic advance was reported high for leaf size and vegetative yield in a study conducted in India (Shukla et al., 2006) . Leaf area was reported as an important selection parameter for amaranth grain yield improvement (Kumar and Yassin, 2012) . Water loss through evapotranspiration is expected to be a problem for broad-leaved varieties grown under high temperatures and low soil moisture conditions. However, the wide adoption of the broad leaf varieties of A. dubius by farmers in the coastal areas of Tanzania, especially in Zanzibar (island), indicates the presence of other traits for adaptation to lowmoisture and high-heat conditions. Root length measured in the hot-dry season trials was positively correlated with vegetable yield at three locations (Chambezi, Moshi, and Horti-Tengeru). Larger roots may have aided faster plant vegetative recovery after the periodic harvests. High-yielding entries at each location tended to have longer roots than low-yielding entries. Ghosh et al. (2017) reported positive correlation of root length with each of shoot weight, number of leaves per plant, and plant height in A. tricolor.
Conclusion
A diverse set of amaranth germplasms (accessions, lines, and varieties) were assessed for their adaptation across diverse growing locations and seasons, and to investigate whether different selection sites are required for various target amaranth production environments. The study revealed significant differences among the entries in vegetable yield and pointed out strong season and location effects. Entries with larger leaf width tended to give higher vegetable yield than those with narrower leaves, as observed from the positive correlation of vegetable yield with leaf width. With the exception of one, all the location mean yields were higher in the hot-dry season trials than in the wet-cool season trials. Variation among the entries was greater in the hot-dry season vs. the wet-cool season trials, indicating that entries expressed their genetic potential in the hot-dry season more than in the wet-cool season. Depending on resource availability, amaranth breeding programs may consider developing varieties targeted to a particular season (wet-cool or hot-dry season) or identify a pool of varieties well-adapted to one season, such as the hot-dry season, and test them for performance in the other season.
This study suggested two MEs not only based on performances of entries but also on similarities and differences among the locations in soil physical and chemical characteristics, weather conditions, and altitudes. None of the ME2 locations shared any of their four best entries with Chambezi location (ME1) and vice versa. This indicates that the best selections in one ME are not necessarily the best in the other ME. Each ME, therefore, may serve as the initial germplasm selection or screening site for its respective target environment in Tanzania and other countries with similar growing conditions.
